Abstract The insoluble aluminum content in steel samples has a significant influence on the quality of the steel. In this paper, laser-induced breakdown spectroscopy (LIBS) is used to analyze the insoluble aluminum content in steel samples using a scanning mode. The average intensity plus 2.5 standard deviations was iterated and the final iteration value was taken as the threshold that distinguishes soluble and insoluble aluminum, and thus total and soluble aluminum content calibration curves were generated. Using the relevant total and soluble aluminum content calibration curves, the total and soluble aluminum contents in steel samples could be determined. The insoluble aluminum content could be determined by subtracting the soluble aluminum content from the total aluminum content. The insoluble aluminum content of standard samples and process product samples were determined using the present mathematical model; the results agreed well with the certified reference values. This method could be used to rapidly characterize the insoluble aluminum content in steel samples.
Introduction
The insoluble aluminum content in steel samples has a significant influence on the quality of the steel. Wet chemical analysis and single spark discharge optical emission spectroscopy [1] can be used to determine the insoluble aluminum content in steel samples. The disadvantage of wet chemical analysis is that the sample preparation is tedious, time-consuming and not suitable for rapid ladle analysis. Single spark discharge optical emission spectroscopy utilizes a single spark discharge to analyze the insoluble aluminum content in steel samples. The disadvantage of this method is that the sample capacity is small. Additionally, the spot size of the discharge is large, so it cannot be used to analyze small samples.
Laser-induced breakdown spectroscopy (LIBS) has developed quickly in recent years. The advantage of LIBS is that multi-element analysis can be performed with little or no sample preparation. Furthermore, it is easy to perform on-line analysis, so this method has aroused great interest in the spectrochemical analysis community [2−7] . In the field of material science, LIBS can not only perform bulk analysis [8−10] but also provide elemental distributions [11−13] and depth profile information [14−17] ; it is a powerful supplemental tool for traditional surface microanalysis, e.g., scanning electron microscopy/energy dispersive spectrometry (SEM/EDS), electron probe microanalysis (EPMA) and Auger energy spectroscopy (AES) [18] .
Scanning microanalysis of steel sample can provide elemental distribution information and assess which elements are enriched at defect zones. Bette [19] used a diode-pumped Q-switch Nd:YAG LIBS to analyze steel samples using a scanning mode. The spatial resolution achieved, in terms of the diameter of the crater produced by a single laser pulse in the steel samples, was better than 15 µm. The experimental system was applied to investigate inclusions in steel samples; correlating maps of different elements could be used to identify the type of inclusion, which was demonstrated for aluminum oxide, aluminum nitride and manganese sulfide. Yalçın [20] used LIBS to investigate the 2D elemental distribution of Ge in a silicon oxide substrate; the LIBS spectral data revealed the possibility of performing 2D distribution analyses of Ge atoms in silicon oxide substrates. Energy-dispersive X-ray spectroscopy analysis confirmed the ability of LIBS to detect Ge atoms at concentrations lower than 0.2% (atomic). LIBS was determined to be a fast, semi-quantitative analytical method with a 50 µm lateral and 800 nm depth resolution. The results illustrate the potential use of LIBS in the rapid, on-line assessment of the quality of advanced materials during the manufacturing process. Scanning measurements were performed by Bigne on samples with an area of 60×60 mm 2 that displayed segregation and decarburization [21] . A step size of 50 µm was measured over 35 min on the segregation samples, and a 4×1 mm 2 area with a step size of 20 µm was measured over 2 min on the decarburization samples. The resulting quantitative elemental maps correlated very well with the data from conventional methods. Karasev [22] characterized the total and insoluble elements in metal using laser ablation for inductively couple plasma mass spectrometry (LA-ICP-MS). It was found that LA-ICP-MS is a useful technique for the quantitative analysis of the total and insoluble elemental contents and the composition of any inclusions with particle diameters ranging from 1 µm to 100 µm. The disadvantage of the LA-ICP-MS technique is that it cannot perform fast scanning microanalysis, in addition, it is more expensive than LIBS.
Experimental setup
The experimental setup consisted of an Nd:YAG laser (fundamental wavelength 1064 nm, beam waist diameter 9 mm, pulse duration 5.2 ns, frequency 10 Hz). A Paschen-Runge spectrometer was employed to disperse the compound light coming from a laser induced plasma. The focal length of the concave grating was 760 mm, 2400 lines per millimeter. The sample chamber could be filled with argon and the sample could be moved in the X and Y directions using a stepping motor. A pulse delay generator was used to control the data acquisition. A high temperature plasma was generated when the laser interacted with the material and the compound light was focused on a concave grating and dispersed. The optical signal was detected using a photomultiplier tube (PMT). Faint optical signals were converted to electrical signals and amplified. A pulse delay generator was used to acquire the optical signals when the signal to noise ratio was optimum. The experimental setup is shown in Fig. 1 . The morphology of the laser ablation crater was observed using SEM, JSM 6400 (JEOL Ltd., Japan). The depth of the crater was determined using a 3D optical profilometer (Contour GT, Bruker, Germany).
The samples were ground using 240 grit sand papers and placed into the sample chamber. The samples could be moved to a position that was determined using a camera. The scanning area was 5×5 mm 2 and the step gridding was set to 100 µm in the X and Y directions. To avoid argon breakdown, the focal plane was 2 mm behind the sample surface. The sample chamber was filled with argon and the pressure was maintained at approximately 7500 Pa. The prepulse and the integration pulse were 1, respectively. The morphology of the laser ablation crater is shown in Fig. 2 . Fig.2 Morphology of the laser ablation crater using SEM Fig. 2(a) shows the morphology of the laser ablation using scanning mode SEM and Fig. 2(b) shows a magnified laser ablation crater. The crater diameter of the laser ablation is approximately 100 µm. The periphery of the crater was the heat-affected zone, which was caused by the interaction of the laser and the material: 1, 2, 4, 6, 8, 10 and 50 pulses were fired at different positions. The depth of the crater was measured using a 3D optical profilometer. The corresponding depths were 0.86 µm, 1.05 µm, 2.38 µm, 2.75 µm, 3.03 µm, 4.58 µm and 22.5 µm, respectively. The pulse numbers are shown on the X-axis and the crater depth on the Y -axis, the correlation between the number of pulses and the depth is shown in Fig. 3 .
As observed from Fig. 3 , for some ablation depth ranges, pulse numbers and the depth of the crater have a linear correlation. Under the current experimental conditions, the average ablation rate is approximately 0.5 µm per pulse. The distance of the lens to the sample, the pulse energy, the surrounding atmosphere and its pressure have a significant influence on the ablation depth [23] . When the depth profile analysis was performed, it required better depth resolution to determine the interface between the substrate and coating materials. Fig.3 Correlation between pulse numbers and the depth of the crater
Established mathematical models for calculating the insoluble aluminum content
A schematic diagram of the model used for the calculation of the insoluble aluminum is shown in Fig. 4 . In Fig. 4 , the abscissa is the number of pulses and the ordinate is the photoelectric current intensity. I th is the threshold intensity for distinguishing soluble from insoluble aluminum; when the intensity is greater than the threshold intensity, it is thought that the laser pulse hits an inclusion containing insoluble aluminum, and vice versa. The total aluminum intensity was detected using a PMT. The black bars indicate the insoluble aluminum intensity and the white bar represents the soluble aluminum intensity. If I t represents the total aluminum intensity, it can be expressed as:
I av represents the average intensity after rejecting abnormal intensities. The total insoluble aluminum intensity could be expressed as:
The soluble aluminum intensity could be obtained by subtracting the insoluble aluminum intensity from the total aluminum intensity, which can be expressed as:
Generating the total and soluble aluminum content calibration curves
Standard samples GSBH 40078-94 (provided by the NCS analytical instrument) and SS457-SS460 (produced by BAS) were used to generate a total aluminum calibration curve; this calibration curve is shown in Fig. 5 . The average intensity plus 2.5 standard deviations was iterated and the iteration was terminated when the average difference was less than 2. The final iteration value was taken as the threshold that distinguishes soluble and insoluble aluminum, intensities greater than the threshold were summed and the soluble intensity was calculated by substituting the total and insoluble aluminum intensities into formula (3). The soluble aluminum calibration curve could be constructed by setting the soluble aluminum content as the X-axis and its corresponding intensity as the Y -axis. The soluble aluminum calibration curve is shown in Fig. 6 .
Using the total and the soluble aluminum calibration curves, the total and the soluble aluminum content in the steel samples could be calculated and the insoluble aluminum content could be determined by subtracting the soluble aluminum content from the total aluminum content. Standard samples (sample number S9254-S9259 and SS457-SS460) were analyzed using a scanning mode with a scanning area of 5×5 mm 2 and a step gridding of 100 µm in the X and Y directions. The insoluble aluminum content obtained using the above mathematical model was compared with the certified reference values shown in Table 1 .
Slab samples 129#, 117#, 106#, 118# and 111# were analyzed using the same experimental conditions, the results obtained using the mathematical model were compared with those of the traditional wet chemical analysis, as shown in Table 2 .
As observed from Tables 1 and 2 , the results from subtracting the soluble aluminum content from the total aluminum content agree well with the certified reference values of traditional wet chemical analysis.
Conclusion
The disadvantage of traditional wet chemical analysis is that it is time consuming, it takes a few days to obtain the chemical results. However, using LIBS to analyze insoluble aluminum, it only takes about 2 hours. Single spark discharge optical emission spectroscopy cannot be used to analyze small samples and the sample capacity is small. In this work, steel samples were analyzed using a scanning mode with a scanning area of 5×5 mm 2 and a step gridding of 100 µm in the X and Y directions and the insoluble aluminum content was obtained from the total aluminum content by using a mathematical model (subtracting the soluble aluminum content from the total aluminum content). The aluminum content was characterized using LIBS and the results from the mathematical model agree well with the certified reference values of wet chemical analysis, this method could be used to rapidly characterize the insoluble aluminum content in steel samples. 
